] i increase is verapamil sensitive. Phenylalkylamines bind with differing affinities to the basolateral and apical surfaces of principal cells in the main segment; however, dihydropyridine binds apically in the tubule initial segment. Immunocytochemical evidence suggests localization of ␣ 1 -subunits to both basolateral and apical surfaces of principal cells in the tubule main segment. We suggest roles for L-type calcium channels and cGMP-mediated calcium influx in both calcium signaling and fluid transport mechanisms in Drosophila.
calcium channel ␣ 1 -subunits; targeted aequorin expression; intracellular calcium; guanosine 3Ј,5Ј-cyclic monophosphate; cyclic nucleotide-gated channels THE REGULATION of intracellular calcium signaling pathways is critical for the physiological function of cells and tissues (4) . Furthermore, in response to external stimuli, whole organ function is achieved through the integration of inter-and intracellular signaling pathways between heterogeneous cell types. Accordingly, studies of hormonally controlled cell-specific calcium signaling pathways in an organotypic context are ultimately essential for studies of the integrative physiology of calcium signaling. We have developed the model fluid-transporting epithelium, the Drosophila melanogaster Malpighian tubule, as a genetically tractable system in which to study the roles, in vivo, of cellspecific ion transport and cell signaling pathways in the regulation of epithelial fluid transport (14, 15) . Insect tubules have excretory and osmoregulatory functions analogous to vertebrate renal function; as such, a simplified renal tubule system in Drosophila, with its attendant genomic and transgenic resources, is a valuable one for studies of integrative physiology. Although the contribution of genetic models to physiology is profound, the tubule is the first phenotype that has allowed such an analysis in a fluid-secreting epithelium.
Despite its small size (160 cells), the Drosophila tubule can be genetically delineated into six segments of precise size to which a battery of functional properties maps exactly (43) . The main segment, which is responsible for fluid secretion, consists of two major genetically defined cell types (43) in which calcium signaling processes are understood in some detail. Fluid transport by Drosophila tubules is driven by a vacuolar (V)-type H the cyclic nucleotides adenosine 3Ј,5Ј-cyclic monophosphate (cAMP) and guanosine 3Ј,5Ј-cyclic monophosphate (cGMP), and by nitric oxide (NO) (15) .
Genetic technologies unique to Drosophila permit sophisticated, noninvasive calcium monitoring of genetically specified cell types in the intact tissue. The GAL4/UAS G binary system (7) has been used to drive expression of an apoaequorin transgene in genetically defined subsets of cells in the intact epithelium, permitting noninvasive, cell-specific [Ca 2ϩ ] i measurements in the intact tissue. With the use of this technology, it was possible to show that the neuropeptide Drosophila CAP 2b stimulates fluid secretion by increasing [Ca 2ϩ ] i in the principal (type I) cells (39) , which in turn activates a [Ca 2ϩ ] i /calmodulin-sensitive nitric oxide synthase (NOS) (12) (see Fig. 11 ). Furthermore, increased [Ca 2ϩ ] i and stimulated fluid secretion rates are both dependent on calcium entry; these responses are abolished in calcium-free medium, thus invoking a role for calcium entry channels in mediating this critical step in calcium signaling. The contribution of intracellular calcium stores to the CAP 2b -stimulated [Ca 2ϩ ] i increases in principal cells is presently unclear; however, the endoplasmic reticular Ca 2ϩ -ATPase inhibitor thapsigargin stimulates tubule fluid transport and increased [Ca 2ϩ ] i in both the tubule principal and stellate cell subtypes. In only principal cells, however, is this response abolished in the absence of external calcium (39) . This suggests that different cell types have different calcium-cycling mechanisms in vivo and, also, that plasma membrane calcium channels contribute to thapsigargin-induced [Ca 2ϩ ] i increases in principal cells.
Several classes of calcium entry channel have been documented in insects, including L-type calcium channel subunits. In Drosophila, multiple phenylalkylamine binding affinities in head extracts imply L-type calcium channel diversity (26) . Although calcium channels reveal molecular diversity via alternative splicing, multigene-encoded subunits, and differential assembly of subunit types (28) , pharmacological sensitivities of the channel to 1,4-dihydropyridines (DHP) and phenylalkylamines (e.g., verapamil) are conferred by the ␣ 1 -subunit (41) . To date, ␣ 1 -and ␤-subunits have been cloned from the housefly (24, 25) ; and two Drosophila calcium channel ␣ 1 -subunit genes, Dmca1A (42) [renamed nightblind A (nbA), http://fly.ebi.ac.uk:7081/ .bin/fbidq.html?FBgn0005563] and Dmca1D (51) have been cloned and investigated functionally. Dmca1A is associated with the visual system and Drosophila courtship song (42) ; Dmca1D, however, is preferentially expressed in the developing larval and adult nervous systems (21) . Dmca1A is structurally similar to DHP-insensitive calcium channels (42) , whereas Dmca1D is associated with DHP-sensitive calcium currents (37) . There is also evidence for the existence of ␣ 2 -and ␤-subunits in Drosophila (27) .
Until recently, L-type calcium channels were considered unique to excitable cells (1); however, studies in vertebrates have provided evidence for functional L-type calcium channels in nonexcitable cells. An L-type calcium channel isolated from renal epithelial apical membranes is thought to play a role in calcium reabsorption (49) . DHP-sensitive calcium channels have been characterized in mouse distal convoluted tubule cells and are thought to be associated with transepithelial calcium transport (30) . Also, DHP-sensitive, protein kinase C-regulated calcium channels have been shown to be activated by mechanical stress in renal proximal tubule cells (50) . The existence of a cGMP-stimulated, DHP-sensitive calcium channel has also been demonstrated in B-lymphocytes (40) , which suggests that many classes of nonexcitable cells may express differentially regulated L-type calcium channels.
In this paper, we show that tubules express both known Drosophila L-type calcium channel ␣ 1 -subunits, Dmca1D (51) Thus we have demonstrated L-type calcium channel ␣ 1 -subunit involvement in epithelial fluid transport and a role for these channels in distinct calcium entry mechanisms, namely, those mediated by CAP 2b , cGMP, and thapsigargin.
MATERIALS AND METHODS

Materials.
Coelenterazine, thapsigargin, and fluorescent conjugates of verapamil, phenylalkylamine, and nifedipine were purchased from Molecular Probes and dissolved in ethanol before use. L-type calcium channel (anti-pan ␣ 1 ) antibody (raised against an epitope common to both Dmca1A and Dmca1D) was purchased from Alomone Labs. The calcium channel antagonists verapamil and nifedipine (dissolved in either DMSO or ethanol before use) and cGMP (dissolved in Schneider's medium before use) were obtained from Sigma. Schneider's medium and Ca 2ϩ -free Schneider's medium were obtained from GIBCO. Oligonucleotides for RT-PCR were obtained from either GIBCO or MWG-Biotech UK. Taq polymerase and PCR reagents were obtained from Boehringer Mannheim. All other chemicals were obtained from Sigma.
Drosophila stocks. Drosophila were maintained on a 12: 12-h light-dark cycle on standard corn meal-yeast-agar medium at 25°C. P{GAL4} lines (43, 47) and UAS G -aequorin lines were the same as those described previously (39) . To produce flies in which apoaequorin was expressed in a particular spatial or temporal pattern, we crossed the appropriate GAL4 driver line to a line carrying the apoaequorin transgene under control of the yeast UAS G promoter as previously described (39, 44) . In the resultant progeny, apoaequorin is expressed only in cells in which GAL4 is being expressed. For these experiments, the c42 line was used to drive expression to the principal cells of the main segment (3); such "c42-aeq" flies were maintained as homozygous lines. For tubule dissections, flies were cooled on ice and then decapitated before whole tubules were isolated.
RT-PCR. Twenty tubules were dissected, and poly(A) ϩ RNA was extracted (Dynal mRNA direct kit) and reverse transcribed with Superscript Plus (GIBCO BRL) as described previously (16) . We used 1 l of the reverse transcription reaction, corresponding to cDNAs derived from one tubule (ϳ160 cells), as a template for PCR containing Dmca1D (51), Dmca1A (42), or cng (3) gene-specific primer pairs based on published sequences. In RT-PCR for Dmca1D, forward primers to region 5581-5603 (TCCTTCCAGGCACTGCCCTACG) and backward primers to region 6003-5982 (GCGAATAAACTCGTCCAAGTGG) were expected to generate a product of 422 bp with the use of cDNA templates. Cycle conditions were as follows: 94°C for 1 min; 36 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 1 min; and 72°C for 1 min.
In RT-PCR for Dmca1A, forward primers to region 5825-5850 (TAGGGATCGGGATCGTGATAGG) and backward primers to region 6327-6306 (TTGTCGTTGGTTTTGGGT-TAGG) were expected to generate a product of 499 bp with the use of cDNA templates. Cycle conditions were as follows: 94°C for 1 min; 36 cycles of 94°C for 30 s, 54°C for 30 s, and 72°C for 1 min; and 72°C for 1 min.
In RT-PCR for cng, forward primers to region 1201-1224 (ATTCCAGAATCGCATGGACGGTGT) and backward primers to region 1702-1722 (ACCCACAAATCCCGTTTCGCCA) were expected to generate a product of 521 bp with the use of cDNA templates. Cycle conditions were as follows: 94°C for 1 min; 37 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 1 min; and 72°C for 1 min.
Each set of primers flanked small introns as a control against genomic contamination; corresponding PCR reactions were also carried out with the use of Drosophila genomic DNA template to distinguish the cDNA products. The PCR products obtained from RT-PCR experiments were cloned with the use of the Invitrogen Topoisomerase (TOPO TA Cloning) system. Cloned plasmids were purified with Qiagen kits and sequenced with USB Sequenase kits to confirm their identity. The cloned PCR products shared 100% sequence identity with published cDNA sequences for Dmca1D, Dmca1A, and cng (not shown).
Fluid secretion assays. Malpighian tubules were isolated into 10-l drops of Schneider's medium under liquid paraffin, and fluid secretion rates were measured as detailed elsewhere (17) under the different conditions described in the text. Verapamil was dissolved in DMSO; nifedipine and thapsigargin were dissolved in ethanol before use and serially diluted in assay medium (1:1 mixture of Schneider's medium and Drosophila saline) before addition to the tubules. Care was taken that the final concentration of solvent did not exceed 1% vol/vol; at this concentration, neither DMSO nor ethanol has any effect on tubule fluid secretion (not shown). CAP 2b and cGMP were added as solutions in assay medium. Membrane-permeant cGMP analogs were not used, because all insect tubules, unlike those of vertebrates, are permeable to cyclic nucleotides (16, 38) , the uptake of which is thought to occur via organic anion transporters in principal cells.
Intracellular calcium measured with the use of targeted aequorin transgene. For each assay, 20 tubules from 4-to 14-day-old c42-aeq adults were dissected in Schneider's medium. Tubules were pooled in 160 l of the same buffer containing the apoaequorin cofactor coelenterazine (2.5 M final concentration); reconstitution of aequorin occurred upon incubation in the dark for 4-6 h (39). Bioluminescence recordings were made with a luminometer (LB9507; Berthold Wallac); recordings were made every 0.1 s for each tube. Measurements from each tube of 20 tubules were used to represent a single data point: after [Ca 2ϩ ] i levels were recorded, tissues were disrupted in 350 l of lysis solution [1% (vol/vol) Triton X-100, 100 mM CaCl 2 ], causing discharge of the remaining aequorin and allowing estimation of the total amount of aequorin in the sample. Calibration of the aequorin system and calculation of calcium concentrations were performed as previously described (39) .
Mock injections with Schneider's medium were applied to all samples before treatment with neuropeptide and antagonists. Control tubules were stimulated with either CAP 2b (10 Ϫ7 M) or cGMP (10 Ϫ4 M) or were pretreated with the appropriate calcium channel antagonist before CAP 2b /cGMP stimulation. Similarly, thapsigargin was applied to control tubules or to tubules pretreated with the appropriate calcium channel antagonists. With the exception of a transient peak ("ethanol artifact"), neither ethanol nor DMSO affects [Ca 2ϩ ] i levels, provided that the final concentration is Ͻ1% vol/vol (not shown).
Whole mount immunocytochemistry and fluorescent calcium channel antagonist binding studies. Intact tubules were fixed in 4% (vol/vol) paraformaldehyde for 30 min, washed twice for 1 h in PBS containing 1% (wt/vol) Sigma cold fraction V bovine serum albumin and 1% (vol/vol) Triton X-100 (PAT), and incubated overnight in 3% (vol/vol) normal goat serum containing rabbit polyclonal anti-pan ␣ 1 antibody (Alomone Labs) diluted 1:100 in PAT. After three washes in PAT (1 h), tubules were subsequently incubated with the appropriate fluorescein-labeled secondary antibody (1:250 dilution; Vector Labs), washed twice for 1 h in PAT, and washed once for 5 min in PBS. All procedures were carried out at room temperature. Stained tubules were mounted in VectaShield (Vector Labs). Whole mount tubules were examined with a Molecular Dynamics Multiprobe laser scanning confocal upright microscope. The excitation (488 nm) and emission (515 nm) barrier filters used were appropriate to the fluorescein-based label of the secondary antibody. Images were viewed with NIH Image.
Green fluorescence-labeled verapamil (BODIPY-FL verapamil), phenylalkylamine (BODIPY-FL phenylalkylamine), nifedipine (BODIPY-DM nifedipine), and vinblastine (BODIPY-FL vinblastine) (Molecular Probes) were used at appropriate concentrations (10 nM, 100 nM, or 100 M as described in Figs. 8 and 10) on intact tubule preparations. Dissected tubules were fixed briefly in 4% (vol/vol) paraformaldehyde for 5 min, washed, and then mounted in PBS in the presence of BODIPY-labeled compound. Confocal images were captured under conditions similar to those applied to immunocytochemical preparations.
Statistics. Data are presented as means Ϯ SE. Where appropriate, the significance of differences between data points was analyzed using Student's t-test (unpaired) with P Ͻ 0.05 as the critical level. Figure 1 shows that both Dmca1D and Dmca1A ␣ 1 calcium channel subunits were expressed in both brain and tubules. Because expression of these calcium channels was confined to neither the nervous system nor excitable cells in Drosophila, it is suggested that L-type channels also have an epithelial role in invertebrates.
RESULTS
Tubules express L-type channels.
CAP 2b -stimulated tubule fluid secretion is sensitive to L-type calcium channel antagonists. Phenylalkylamines and DHP are selective antagonists of L-type calcium channels and are known to be effective in Drosophila (35) . The fluid secretion assay permits the effects of such antagonists to be studied in either resting tubules or tubules stimulated by defined peptide agonists. The basal rates of fluid secretion were not significantly altered by calcium channel antagonist pretreatments, except where verapamil was applied at 10 Ϫ2 M, at which time secretion rates were completely abolished (not shown). However, both the DHP, nifedipine, and the phenylalkylamine, verapamil, inhibited CAP 2b -stimulated fluid secretion (Fig. 2, A and B) .
The dose-response curve for verapamil inhibition of the CAP 2b -stimulated fluid secretion response (Fig. 3A) shows significant inhibition between 10 Ϫ5 and 10 Ϫ3 M and again at 10 Ϫ8 M. Verapamil (1 mM) pretreatment completely abolished CAP 2b -stimulated fluid secretion rates. In contrast, the DHP, nifedipine, significantly inhibited CAP 2b -stimulated fluid secretion at all concentrations between 10 Ϫ10 and 10 Ϫ7 M (Fig. 3B) , with maximal inhibition to ϳ31% of control (10 Ϫ7 M). The complexity of the dose-response curves, with significant effects spanning wide concentration ranges, implies multiple targets of differing affinity for each drug.
CAP 2b -stimulated increase in [Ca 2ϩ ] i is sensitive to L-type calcium channel antagonists. CAP 2b is known to act obligatorily through entry of extracellular calcium (3) . If L-type calcium channels contributed to calcium entry, we would also expect to see reduced [Ca 2ϩ ] i upon CAP 2b stimulation in the presence of nifedipine or verapamil. Indeed, the CAP 2b stimulated [Ca 2ϩ ] i increase in principal cells of c42-aeq tubules (39) is modulated by both verapamil and nifedipine. Inhibition by both compounds mirrored that of the fluid secretion response (Fig. 3, A and B) . Verapamil significantly reduced the CAP 2b -induced calcium response over a similar concentration range that inhibits fluid transport, between 10 Ϫ5 and 10 Ϫ3 M and again at 10 Ϫ7 M. Maximal inhibition occurred at 10 Ϫ3 M verapamil (Fig.  3C) . Although the verapamil dose-response curves for fluid secretion and calcium are complex, their agreement is near perfect (cf. Fig. 3, A and C) ; this implies that all the effects of verapamil on fluid secretion can be ascribed to effects on intracellular calcium.
By contrast, the relationship between fluid secretion and calcium dose-response curves for nifedipine is more complex (cf. Fig. 3, B and D) . While the overall agreement is clear, there is a range of concentrations of nifedipine (ca. 10 Ϫ8 -10 Ϫ7 M) at which fluid secretion was profoundly and reliably inhibited but at which the intracellular calcium signal was at most only mildly attenuated. This finding should not be disturbing; the fluid secretion assay exposes the entire tubule to pharmacological agents, and it is known that both other cell types in the main segment and other segments in the tubule either signal with or transport calcium. By contrast, the targeted aequorin reports calcium signals only from the principal cells of the main segment. It is thus clear that not all the effects of nifedipine can be attributed to its effect on calcium in principal cells of the main segment; in fact, we have also shown a class of nifedipine binding that lies outside the main (fluid-secreting) segment of the tubule (see below).
Both the verapamil and nifedipine responses imply the existence of multiple targets, with a wide range of affinities. It is possible that not all of these are L-type channels.
cGMP-stimulated epithelial transport is sensitive to verapamil and nifedipine. We previously documented a linear signaling pathway for CAP 2b in Drosophila tubules, acting through [Ca 2ϩ ] i , NOS, NO, soluble guanylate cyclase, cGMP, and cGMP-dependent protein kinase (cGK) (16) . In principle, downstream elements of this pathway might be expected to modulate [Ca 2ϩ ] i in turn, perhaps contributing to a stimulation of fluid secretion that lasts much longer than the initial calcium peak. Because CNG channels are known to exist in Drosophila, we examined the possible effect of cGMP on calcium signaling. Because maximal stimulation of fluid secretion rates by cGMP occurs at a concentration of 10 Ϫ4 M (11), this concentration of cGMP was employed in all experiments. Figure 4 shows that cGMPstimulated fluid transport is sensitive to L-type calcium channel antagonists. In the presence of 10 Ϫ3 M verapamil, maximum rates of fluid secretion stimulated by cGMP were 66% of control (Fig. 4A) . Pretreatment with 10 Ϫ9 M nifedipine reduced maximum cGMPstimulated fluid secretion rates similarly, to 66% of control (Fig. 4B) . When verapamil and nifedipine were used in combination, however, cGMP-stimulated fluidsecretion rates were reduced to 18% of control values (Fig. 4C) (Fig. 5A ) and that this increase is also dependent on a calcium entry process (Fig. 5B) . Because the cGMP-induced [Ca 2ϩ ] i signal is abolished in the absence of extracellular calcium, it is probable that, in this cell type, release of calcium from intracellular calcium stores does not contribute to cGMP-induced [Ca 2ϩ ] i increases. cGMP-mediated calcium entry occurs via verapamiland nifedipine-sensitive calcium channels. As with cGMP-stimulated fluid secretion, sensitivity to L-type calcium channel antagonists was also observed upon cGMP stimulation of calcium entry (Fig. 5C ). It is clear that both verapamil and nifedipine pretreatments completely abolish the cGMP-induced [Ca 2ϩ ] i signal but that cGMPstimulated fluid secretion is only partially reduced by these calcium channel antagonists, suggesting that the cGMP-induced increase in [Ca 2ϩ ] i alone is not sufficient to promote fluid transport.
Drosophila head and tubules both express cng, a gene encoding a CNG channel. In Fig. 6 , results of RT-PCR experiments in which Drosophila head cDNA was used as a positive control show that a Drosophila CNG channel, cng, is expressed in tubules. As with other genes that have been postulated to have only neuronal roles, these results demonstrate that the expression of CNG is not confined to the head and may be involved not only in olfactory and visual processing in Drosophila but also in epithelial transport. Together with the pharmacological data, the data for cGMP reveal a calcium entry mechanism with properties distinct from that activated by CAP 2b .
A verapamil-sensitive calcium channel mediates the thapsigargin-induced calcium signature in principal cells. Thapsigargin induces a rise in [Ca 2ϩ ] i in principal cells via calcium entry, as we have previously shown (39) and as shown in Fig. 7A . Pretreatment with verapamil (Fig. 7B ), but not nifedipine (Fig. 7C) ] i , n ϭ 5). With both verapamil and nifedipine pretreatment, the thapsigargin signature was inhibited to about the same extent as with verapamil alone (Fig.  7D) . These data suggest that, although thapsigargin is usually considered to elicit calcium entry through trp-like store-operated calcium channels, the thapsigargin signature in tubule principal cells is modulated by phenylalkylamine-sensitive calcium channels.
Colocalization of verapamil binding and ␣ 1 -subunit(s) in the tubule; differential binding of DHP to tubule subregions.
Fluorescence-labeled phenylalkylamine at a low concentration (10 nM) bound to the basolateral membrane in only principal cells in the main segment of the tubule (Fig. 8A) . The same concentration of verapamil also bound to the basolateral membrane of main segment principal cells (Fig. 8B) . However, the use of verapamil at a concentration that inhibits CAP 2b -induced increases in fluid secretion and [Ca 2ϩ ] i (10 Ϫ4 M) shows punctate staining of the basolateral membrane with diffuse, nonspecific staining at the apical surface (Fig. 8C) . These data strongly suggest that there are multiple targets for verapamil in tubules. Verapamil is known to act as a substrate for P-glycoprotein; the use of a BODIPYlabeled analog of a P-glycoprotein substrate, vinblastine (Fig. 8D) , shows that binding of a P-glycoprotein substrate is distinct from that seen with verapamil; binding is seen only in the initial segment of the anterior tubule (see Fig. 11 ). It is thus reasonable to assume that verapamil is accurately labeling L-type channels in the main segment. Confocal microscopy results of intact tubule preparations treated with anti-pan ␣ 1 antibody (Fig. 9) suggest that ␣ 1 -subunits are located on the basolateral surface of principal cells. However, there is a significant signal at the apical surface; the large globular structures may be due to membrane blebbing, and this may suggest that a different class of ␣ 1 -subunit may be located on apical surface microvilli.
Unexpectedly, however, the location of DHP binding does not correlate with either verapamil binding or ␣ 1 -subunit localization. Figure 10A shows clearly defined apical nifedipine binding in the initial segment of anterior tubule, known to be a major calcium-transporting region (19) . However, BODIPY-nifedipine binding was also seen in principal cells in the main segment (Fig. 10B) , where most fluorescence was observed to be perinuclear, with some staining observed in lateral membranes. Thus DHPs may have a role in transepithelial calcium transport in Drosophila tubules; however, this calcium transport process is distinct from, and does not overlap with, calcium signaling processes in the main segment induced by CAP 2b or, indeed, cGMP.
DISCUSSION
L-type channels. Studies of calcium channel blocker binding to Drosophila head membranes have shown the existence of at least eight pharmacological classes of L-type calcium channel (35) . However, only two ␣ 1 -subunits have been cloned and characterized in Drosophila, Dmca1D and Dmca1A. We have shown that both these subunits are expressed in nonexcitable cells in Drosophila. We have also demonstrated functional roles for L-type calcium channel ␣ 1 -subunits in the tubule using a pharmacological approach: our working model is shown in Fig. 11 .
Studies by other workers have shown that Dmca1D is expressed as a single transcript of 9.5 kb in Drosophila body RNA preparations (51), so it is unlikely that tubules show heterogeneity in this calcium channel subunit. Because Dmca1D is associated with a DHPsensitive calcium current in larval muscle (37) , it is possible that tubule DHP sensitivity is conferred by this particular subunit. However, our DHP localization studies suggest that DHP sensitivity in the tubule may not be attributable to Dmca1D, suggesting that ␣ 1 -subunits in different Drosophila tissues have distinct pharmacological sensitivities. Developmental Northern blot analysis in Drosophila shows that Dmca1A is expressed preferentially in the nervous system as a single 10.5-kb transcript, with diversity of this subunit being generated by alternative splicing (51) . Analysis of Dmca1A suggests that phenylalkylamine, but not DHP, binding sites are conserved compared with vertebrate ␣ 1 -subunits (42); this may account for the phenylalkylamine-sensitive, DHP-insensitive calcium chan- ] i increase to the same extent as verapamil alone. Tubules were pretreated with channel blockers for 30 min; thapsigargin was added at arrows. nels characterized in Drosophila brain extracts (26) and for the verapamil sensitivity of tubule responses.
Although it is not possible to conclude rigorously that the clear L-type pharmacology documented here is attributable to the L-type genes Dmca1A and Dmca1D, the recent completion of the genome project allows us to be unusually precise about the L-type gene family in this organism. Within the Drosophila genome, only Dmca1A and Dmca1D match the calcium channel motif IPR002077 in the Interpro protein motif database (http://www.ebi.ac.uk/interpro/). Furthermore, BLASTP searches through the predicted peptide database, for either Dmca1A or Dmca1D, turn up only known genes or a single possible additional L-type subunit (gene CG1517), which is more distantly related to Dmca1A and D than they are to each other. The L-type calcium channel family in Drosophila is thus not large, and so the probability that the pharmacology we have described can be laid at the door of Dmca1A, Dmca1D, or the newly described CG1517 is very high.
DHP sensitivity and transepithelial calcium transport. The precise role of L-type calcium channels in vertebrate renal epithelial cells is still unclear. Highaffinity DHP binding sites have been demonstrated in rabbit renal epithelia (34) , with dissociation constant values for DHP binding in the subnanomolar range. DHP-sensitive calcium influx may also be involved with cell volume regulation in vertebrate renal epithelia (33) . Additionally, DHP-sensitive channels on the apical membrane of mouse distal convoluted tubule cells contribute to transepithelial calcium transport (calcium influx) in response to parathyroid hormone stimulation (22) . As in vertebrate transporting epithelia, it is probable that there are several classes of L-type channel in the Drosophila tubule that may participate in calcium reabsorption or transepithelial calcium transport (23) . DHP binding suggests that a major site for high-affinity DHP binding is the initial segment of anterior tubules. This tubule region is the main site of calcium storage in Drosophila, accounting for 25-30% of whole body calcium content (18) , and is also the major calcium transporting region (19) . Intriguingly, while high-affinity, DHP-sensitive targets clearly inhibit CAP 2b -stimulated fluid secretion and [Ca 2ϩ ] i , localization of these binding sites does not occur in the main, fluid-secreting segment; our results indicate that DHP binding sites may colocalize with those found with 100 nM BODIPY-vinblastine, specific for P-glycoprotein. We speculate that binding to lowaffinity targets in initial segment may block calcium secretion into the lumen and thereby reduce influx through the main segment apical channels implied by our imaging data. Such a model could explain the complexity of the effects of both verapamil and nifedipine in this system. ] i (19) . This is consistent with the verapamil-sensitive calcium entry and ␣ 1 -subunit localization demonstrated here, potentially via Dmca1A. It has recently been demonstrated that ␣ 1A -subunit is localized to the basolateral surface in polarized epithelial (Madin-Darby canine kidney) cells (8) ] i in principal cells that is abolished in the absence of extracellular calcium. While the contribution of intracellular stores to this process cannot be ruled out, it is possible that the cGMP-induced rise in [Ca 2ϩ ] i occurs via calcium entry channels directly regulated by cGMP (CNG channels) (5) or by cGKs, two forms of which are expressed in Drosophila tubules, cGKI and cGKII (16) . A role for cGKII in tubules has been postulated (8a) in which cGKII is thought to act on the V-ATPase, expressed only in principal cells of the main segment (14) . From data presented here, it is probable that cGMP-induced fluid secretion occurs, in part, via cGMP-induced [Ca 2ϩ ] i rise in principal cells, with concomitant stimulation of cGKs and hence VATPase activity.
CNG channels have been isolated from Drosophila eyes and antennae (3) and have been shown to be most similar to vertebrate CNG3. Also, a CNG-like channel has been isolated from the head (31), suggesting a role for cGMP-induced calcium entry in vision and olfaction. Furthermore, the availability of the complete Drosophila genome (Flybase Genome Annotation Database of Drosophila, Gadfly, http://hedgehog.lbl.gov: 8000/cgi-bin/annot/query/) has shown the existence of a further three cng-like genes. Heterologous expression studies of the Drosophila CNG channel indicate that this channel has a similar role to CNG principal subunits in vertebrates, i.e., that of generating Ca 2ϩ signals upon increased intracellular cGMP concentrations (20) . We have shown here that Drosophila tubules express cng. CNG channels have been localized to many nonsensory tissues in vertebrates (6, 13) , including localization of CNG3 in kidney; as such, CNG channels must play a role in epithelial transport. It is of interest to note that, in transporting epithelia, the Fig. 9 . Immunocytochemical localization of ␣ 1 -subunits. An anti-pan ␣ 1 -subunit antibody (Alomone Labs) was used to localize ␣ 1 -subunits in tubules. This epitope, specific to all ␣ 1 -subunits, is located between domain IV and the COOH terminus, which is conserved between all species. The peptide sequence used to raise the anti-sera [(C)DNF-DYLTRDWSILGPHHLD] is conserved in both Dmca1A and Dmca1D. Confocal microscopy of immunostained whole mount tubules (ϫ40 magnification) revealed punctate staining in basolateral membranes of the main segment. There was also significant fluorescence observed in apical membranes; the nondistinct nature of these fluorescent patches may be due to membrane blebbing during fixation, which obscures defined localization of ␣ 1 -subunits in apical microvilli. (44) , causing an increase in Cl Ϫ conductance (32) . In principal cells, CAP 2b acts on a G protein-coupled receptor (inferred) to activate phospholipase C (PLC); inositol 1,4,5-trisphosphate (IP 3 ) receptor (IP 3 R), and hence IP 3 , are known to be necessary for CAP 2b action (Pollock VP, Davies SA, Hasan G, and Dow JAT, unpublished observations). Release from internal stores is too small to measure under calcium-free conditions, implying that calcium entry is essential. Basolateral, verapamil-sensitive channels (possibly Dmca1A) contribute to this calcium entry. Calcium is returned to store by a thapsigargin-sensitive Ca 2ϩ -ATPase; thapsigargin-induced store depletion signals, at least in part, to a verapamil-sensitive plasma membrane calcium channel. Downstream, the CAP 2b -induced [Ca 2ϩ ] i signal activates dNOS (located in only these cells in tubules, Ref. 9), raising NO levels and acting on a methylene blue-sensitive guanylate cyclase to raise cGMP levels. cGMP acts on cGMP-dependent protein kinase (cGK) to activate an apical vacuolar (V)-ATPase, though probably not through direct phosphorylation of a subunit. cGMP also acts on a plasma membrane nifedipine-and verapamil-sensitive channel (cyclic nucleotide gated?) to raise intracellular calcium in the longer term, thereby providing feedback modulation. [Classic morphology of the tubule is from Wessing and Eichelberg (45a), reproduced with permission.] roles of Drosophila CNG and vertebrate CNG3 have been conserved across evolution, and this suggests an important role for cGMP in regulating Ca 2ϩ influx in transporting epithelia. A recent study of a novel CNGrelated vertebrate ion channel, KCNA10, shows that verapamil significantly inhibits channel activity over a concentration range similar to that seen in our system (29) . In the absence of any direct pharmacological data for Dmca1A, it remains possible that verapamil sensitivity of the tubule CAP 2b /cGMP response is mediated by a blockade of CNG channel activity. Work in Blymphocytes has also suggested that cGMP mediates calcium entry via DHP-sensitive channels (40) . In light of these findings, the pharmacological inhibition of cGMP-induced [Ca 2ϩ ] i rise in tubule principal cells may not be so unusual.
Thapsigargin-induced calcium entry: involvement of Dmca1A or cng? We have also demonstrated that verapamil-sensitive calcium entry mediates, in part, the thapsigargin response in principal cells. Our previous work showed that thapsigargin-induced [Ca 2ϩ ] i is abolished in principal, but not in stellate, cells in calciumfree medium (39) , suggesting that the response is critically dependent on calcium influx through the plasma membrane. In nonexcitable cells, it is known that store-operated calcium entry ("capacitative" calcium entry) is the main calcium entry route upon hormonal stimulation via activation of inositol 1,4,5-trisphosphate (IP 3 ) signaling (36) . There is also evidence from vertebrate studies that IP 3 -invoked store-operated calcium entry can occur via L-type channels: in renal epithelial cells, Ca 2ϩ oscillations induced by Escherichia coli ␣-hemolysin are dependent on IP 3 receptorinduced capacitative calcium entry via L-type channels (45) . Also, neuropeptide-activated L-type channels have also been documented in gastric enterochromaffin-like cells (48) . However, recent work has also shown that thapsigargin-stimulated capacitative calcium entry induces a Ca 2ϩ current via a CNG channel in pulmonary artery endothelial cells (46) .
Conclusion. Activation of multiple calcium entry channels by hormones has been previously documented; indeed, a model has recently been proposed for coordinated calcium entry into mouse distal convoluted tubule cells involving multiple calcium entry channels (2) . Thus, in Drosophila tubules, as in vertebrate epithelia, convergence of distinct but interacting signal transduction pathways (Ca 2ϩ /NO/cGMP) stimulates calcium entry into principal cells via several classes of calcium channel, resulting in increased fluid transport.
This first demonstration of L-type calcium channel modulation of epithelial fluid transport in invertebrates suggests conservation of the role of these calcium channels in renal function between vertebrates and insects. Our present model is that the rapid, calcium-mediated signal from CAP 2b through to cGK is modulated and sustained by a slower, more sustained calcium signal that depends on cGMP and that both components of the calcium signal are affected to different degrees by calcium channel blockers. The complexity of the system we have outlined might seem daunting, but it has been uncovered by a combination of traditional physiology and targetted transgenesis in an organotypic context. In a real tissue that both transports bulk calcium and employs it as a second messenger, such richness is entirely plausible and reflects a level of function that cannot be addressed by conventional cell culture approaches. Thus the application of molecular genetic tools to Drosophila, together with the availability of mutants and the tubule phenotype, makes further analysis of calcium channel modulation of renal function an exciting possibility.
